INTRODUCTION {#SEC1}
============

Histone H3 lysine 4 (H3K4) methylation plays an important role in many cellular processes, such as transcription and DNA replication, repair and recombination, that are all central to cell growth, differentiation and development ([@B1]). The association of impaired H3K4 methylation with various human diseases, including developmental defects and cancers ([@B4]), has motivated intense efforts to understand the precise roles of this histone modification in regulating cellular events.

H3K4 methylation can be present in three states: mono-methylated (H3K4me1), di-methylated (H3K4me2), and tri-methylated (H3K4me3). In mammalian cells, H3K4 methylation is mediated by at least six SET domain-containing KMT2 (lysine methyltransferase 2) family proteins---SET1A/KMT2F, SET1B/KMT2G, MLL1/KMT2A, MLL2/KMT2B, MLL3/KMT2C, and MLL4/KMT2D---each of which forms a multimeric complex (hereafter, KMT2 complex) with several subunits common to all complexes (e.g., WDR5, RbBP5, ASH2L, and DPY30) as well as some that are unique to each complex ([@B7]). The roles of individual KMT2 complexes in transcriptional regulation have been extensively studied. Preferential co-localization of SET1A with H3K4me3 at promoter regions of highly expressed genes supports a general regulatory role for the SET1A complex in transcriptional activation ([@B8]). MLL1 and MLL2 are reported to control hematopoietic development by inducing H3K4me3 at the promoter regions of *Hox* gene clusters through selective recruitment to these genes ([@B9],[@B10]). For MLL2 specifically, it has been shown that MLL2-mediated H3K4me3 on bivalent promoters is critical for the precise differentiation of stem cells ([@B11],[@B12]). In addition, MLL3 and MLL4 deposit H3K4me1 at enhancers involved in cell type-specific gene expression ([@B13]). Thus, despite having an identical target site on histone H3, these complexes are not redundant, marking methylations at different locations in their specific target genes and producing different methylation states, which in turn recruit distinct effector molecules ([@B1],[@B8]).

Interestingly, early yeast genetic studies found that mono-ubiquitylation of histone H2B (H2Bub) at lysine 123 is a prerequisite for H3K4 methylation ([@B16],[@B17]). Subsequent biochemical analyses using purified factors clearly demonstrated that H2Bub directly stimulates H3K4 methylation mediated by the yeast Set1 complex ([@B18]) and human SET1A complex ([@B19]). Recent studies have unveiled the mechanistic basis of this histone crosstalk in the yeast Set1 complex, showing that it involves H2Bub-induced conformational changes in the complex that support H3K4 methylation activity ([@B20]).

Compared with cellular functions of KMT2 proteins, which have been extensively investigated, our understanding of the catalytic properties of human KMT2 complexes, including their relative H3K4 methylation activities and associated H2Bub requirements for enzymatic activity, is limited. Here, using a biochemically defined system employing recombinant KMT2 complexes and chromatin templates, we performed comprehensive and comparative biochemical analyses to characterize H3K4 methyltransferase activities of human KMT2 complexes. Our studies revealed that the H3K4 methylation activities of all KMT2 complexes except MLL3 are stimulated by H2Bub. We further found that KMT2 complexes generate different levels of distinct H3K4 methylation states and have distinct subunit requirements for their catalytic activities, suggesting that distinct mechanistic pathways govern H3K4 methylation processes among KMT2 complexes.

MATERIALS AND METHODS {#SEC2}
=====================

Construction of plasmids and baculoviruses, and purification of recombinant proteins and human KMT2 family complexes {#SEC2-1}
--------------------------------------------------------------------------------------------------------------------

For baculovirus-mediated expression, cDNAs were subcloned into pFASTBAC1 (Gibco-Invitrogen), with or without an epitope, and baculoviruses were generated according to the manufacturer\'s instructions (Gibco-Invitrogen). For reconstitution of complexes containing FLAG-tagged KMT2 family protein fragments, Sf9 cells were infected with combinations of baculoviruses, and complexes were affinity purified on M2 agarose (Sigma) as described ([@B23]). For plasmid transfection-mediated expression, cDNAs encoding N-terminally FLAG-tagged, full-length human KMT2 family proteins and cDNAs encoding untagged KMT2 family complex subunits were subcloned into pVLAD6 (Addgene) ([@B24]). HEK293E cells (∼1.5 × 10^6^/ml) in suspension culture (300 ml) were transfected with combinations of expression plasmid (150 μg each) using the polyethylenimine (PEI; Sigma) method. After 60 h, cells were treated with 2 μM bortezomib (Millipore) and incubated for an additional 12 h. Cells were washed once with phosphate-buffered saline (PBS) and then with five packed-cell volumes (PCVs) of hypotonic buffer (10 mM Tris--HCl \[pH 7.4\], 10 mM KCl, and 1.5 mM MgCl~2~) each, after which they were resuspended in 2 PCVs of hypotonic buffer and incubated for 10 min. Swollen cells were disrupted with a Dounce homogenizer (pestle B, 15 strokes) and centrifuged at 3,900 rpm for 10 min. Nuclear pellets were resuspended in 10 ml extraction buffer (10 mM Tris--HCl \[pH 7.9\], 300 mM NaCl, 3 mM MgCl~2~, 1 mM EGTA, 0.5% Triton X-100, 1 mM PMSF, 2 mM DTT and protease inhibitor cocktail \[Roche\]), minced with a Dounce homogenizer (pestle B, 3 rounds of 10 strokes at 10 min intervals), and then centrifuged at 18,000 rpm for 20 min. Clarified extracts were incubated with 80 μl of M2 agarose for 4 h. After extensive washing with wash buffer (20 mM Tris--HCl \[pH 7.9\], 200 mM NaCl, 2 mM MgCl~2~, 0.2 mM EDTA, 15% glycerol, 0.1% NP40, 1 mM PMSF and 1 mM DTT), complexes were eluted with wash buffer containing 0.25 mg/ml FLAG peptide. The expression and purification of recombinant *Xenopus* histones, semi-synthetic H2Bub, histone octamers, NAP1 and the ACF complex were as described ([@B23],[@B25]).

*In vitro* chromatin assembly {#SEC2-2}
-----------------------------

Procedures for chromatin assembly using the recombinant ACF/NAP1 system were as described ([@B23]). Briefly, 700 ng core histone octamer and 2.4 μg NAP1 in 55 μl HEG buffer (25 mM HEPES \[pH 7.6\], 0.1 mM EDTA and 10% glycerol) were incubated on ice for 30 min. After addition of 160 ng ACF complex and 700 ng p53ML plasmid ([@B26]), the reaction was adjusted to 25 mM HEPES \[pH 7.6\], 50 mM KCl, 5 mM MgCl~2~, 0.1 mM EDTA, 10% glycerol and 3.2 mM ATP in a final volume of 70 μl, and incubated at 27°C for 4 h.

*In vitro* histone methyltransferase assays {#SEC2-3}
-------------------------------------------

For free histone H3 methyltransferase assays, reactions containing 100 ng recombinant histone H3 and the indicated concentration of purified KMT2 complex in 20 μl reaction buffer (25 mM HEPES \[pH 7.6\], 50 mM KCl, 5 mM MgCl~2~, 0.1 mM EDTA, and 10% glycerol) supplemented with 100 μM SAM (*S*-adenosyl methionine; NEB) were incubated at 30°C for 1 h. For recombinant chromatin methyltransferase assays, reactions containing 250 ng (histone amount) recombinant chromatin, the indicated concentration of purified KMT2 complex and 100 μM SAM were adjusted to 50 μl with HEG buffer, and incubated at 30°C for 1 h. Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subjected to immunoblot analyses.

Antibodies {#SEC2-4}
----------

Polyclonal anti-SET1A and anti-DPY30 antibodies were developed against purified histidine-tagged human SET1A fragment (amino acid residues 358--477) and human DPY-30 (full-length) proteins, respectively, and affinity purified (AbClon). Polyclonal anti-CFP1 and anti-WDR82 antibodies were obtained from the Roeder laboratory. Polyclonal anti-WDR5 antibody was obtained from the Allis laboratory. The following antibodies were obtained commercially: anti-SET1B (A302-281A), anti-MLL2 (A300-113A), anti-RbBP5 (A300-109A), anti-ASH2L (A300-489A), and anti-Menin (A300-105A) from Bethyl Laboratories; anti-WDR5 (ab22512), anti-H3 (ab1791), anti-H3K4me1 (ab8895), and anti-H3K4me2 (ab7766) from Abcam; anti-H3K4me3 (AM39159) from Active Motif; and anti-FLAG (A8592) from Sigma.

RESULTS {#SEC3}
=======

H2B ubiquitylation directly stimulates H3K4 methylation activities of human KMT2^Core^ complexes {#SEC3-1}
------------------------------------------------------------------------------------------------

The large size of catalytic/scaffold KMT2 family proteins has been a major obstacle for purification of KMT2 complexes to homogeneity. In addition to a catalytic SET domain-containing KMT2 protein and the associating common subunits, WDR5, RbBP5, ASH2L and DPY30, collectively referred to a 'WRAD', each KMT2 family complex also has unique subunits that may differentially affect H3K4 methylation activities. Therefore, for comparative biochemical analyses of intrinsic enzyme activities of all six human KMT2 complexes, we sought to identify domains and subunits that are minimally required for H3K4 methyltransferase activities. In this context, we previously demonstrated that a partial yeast Set1 complex (C762 complex) composed of a Set1 fragment (residues 762--1080) encompassing the n-SET, SET and post-SET domains together with five associating subunits, Swd3 (a homolog of mammalian WDR5), Swd1 (RbBP5), Bre2 (ASH2L), Sdc1 (DPY30) and Spp1 (CFP1), exhibits robust H2B ubiquitylation-dependent H3K4 methylation activity toward chromatin substrates ([@B18],[@B21]).

Accordingly, we reconstituted partial human KMT2 core complexes (hereafter, KMT2^Core^Cs) corresponding to the yeast C762 Set1 complex and affinity purified them from Sf9 insect cells infected with baculoviruses expressing FLAG-KMT2^Core^ protein fragments (encompassing n-SET, SET and post-SET domains for SET1A/B, and pre-SET, SET and post-SET domains for MLL1/2/3/4) and five untagged subunits (WRAD and CFP1) (Figure [1A](#F1){ref-type="fig"}). All WRAD subunits were stably integrated into all purified complexes, but CFP1 was found only in SET1A^Core^C and SET1B^Core^C (Figure [1B](#F1){ref-type="fig"}), confirming SET1A- and SET1B-specific association of CFP1 ([@B27],[@B28]) through the interaction with n-SET domains, similar to the case for the yeast Set1 complex ([@B18]).

![H3K4 methylation activities of human KMT2^Core^ complexes. (**A**) A schematic diagram of KMT2^Core^ fragments used for the reconstitution of complexes and subunit associations deduced from (B). The n-SET, pre-SET, SET and post-SET (hatched box) domains and Win (red box) motif within each KMT2 protein are depicted. Numbers indicate amino acid residues of each protein. DPY30(×2) indicates the dimeric association of DPY30, which was established in recent structural analyses of KMT2 complexes ([@B29],[@B31],[@B32]). (**B**) SDS-PAGE/Coomassie blue staining (left) and immunoblot analyses (right) of purified KMT2^Core^ complexes reconstituted with baculoviruses expressing FLAG-tagged KMT2^Core^ protein (A), WDR5, RbBP5, ASH2L, DPY30 and CFP1. KMT2^Core^ proteins are marked by asterisks. Note that an insect protein contaminant around 100 kDa (marked by dots) was found sometimes in the complexes prepared by single-step affinity purification and became more prominent when a large volume of samples (due to low concentration) was loaded. This protein could be removed by gel filtration and did not affect the H3K4 methylation activities of the affinity-purified complexes as demonstrated in several KMT2^Core^ complexes (see Supplementary Figures). (**C**) Differential H3K4 methylation activities of KMT2^Core^ complexes towards free histone H3 (H3) substrate. H3 was subjected to *in vitro* HMT assays with the indicated KMT2^core^ complexes (7.5 nM). (**D** and **E**) Differential H3K4 methylation activities of KMT2^core^ complexes towards chromatin substrates. Recombinant chromatin templates assembled with unmodified histone H2B (unmod)- or mono-ubiquitylated H2B at lysine 120 (H2Bub)-containing octamers were subjected to *in vitro* HMT assays with the indicated KMT2^Core^ complexes at a concentration of 5 nM (D) or with the indicated concentrations of SET1A^Core^ and SET1B^Core^ complexes (E). H3K4 methylation status was monitored by immunoblotting with the indicated antibodies in this and other figures. Abbreviations: unmod, unmodified histone H2B; H2Bub, K120-ubiquitylated H2B; H3K4me1, K4-monomethylated H3; H3K4me2, K4-dimethylated H3; H3K4me3, K4-trimethylated H3.](gkaa317fig1){#F1}

*In vitro* histone methyltransferase (HMT) assays using free histone H3 (H3) as the substrate revealed that all purified KMT2^Core^Cs, except MLL3^Core^C, are able to generate all three H3K4 methylation states; for MLL3^Core^C, activity was restricted to H3K4me1 and H3K4me2 (Figure [1C](#F1){ref-type="fig"}). Notably, SET1B^Core^C exhibited the strongest H3K4me3 activity (Figure [1C](#F1){ref-type="fig"}, lane 2), whereas the overall H3K4 methylation activity of SET1A^Core^C was weakest among the tested complexes (Figure [1C](#F1){ref-type="fig"}, lane 1).

We next tested the H3K4 methylation activity of complexes towards more physiologically relevant chromatin templates containing either unmodified histone H2B (H2B) or mono-ubiquitylated H2B at lysine 120 (H2Bub) ([@B25]). Consistent with its weak activity towards free H3, SET1A^Core^C showed weak H3K4 methylation activity that was detectable in immunoblots only after prolonged exposure (Figure [1D](#F1){ref-type="fig"}, lanes 1 and 2) or in reactions with a high concentration of the complex ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). More importantly, SET1A^Core^C--generated H3K4me2/3 exhibited H2Bub dependence. Consistent with its strong activity towards free H3, SET1B^Core^C generated all three H3K4 methylation states at the highest levels among the tested complexes (Figure [1D](#F1){ref-type="fig"}, lanes 3 and 4). *In vitro* HMT assays using the complexes further purified by Superose 6 size exclusion chromatography also revealed that SET1B^Core^C exhibited much stronger H3K4 methylation activities than SET1A^Core^C ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Although H2Bub increased the H3K4 methylation activity of SET1B^Core^C at all tested concentrations ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}), we found that, in clear contrast to SET1A^Core^C (Figure [1E](#F1){ref-type="fig"}), SET1B^Core^C generated H3K4 methylation even in the absence of H2Bub. This suggests that, despite having a domain and subunit compositions similar to that of the SET1A complex and yeast Set1 complex, the SET1B complex is able to bypass the requirement of H2Bub for H3K4 methylation because of its strong intrinsic methyltransferase activity. We also found that both MLL1^Core^C and MLL2^Core^C were able to generate all three H3K4 methylation states, activities that were stimulated, albeit modestly, by H2Bub (Figure [1D](#F1){ref-type="fig"}, lanes 5--8, [Supplementary Figure S1C and D](#sup1){ref-type="supplementary-material"}). The chromatin H3K4 methylation activity of MLL3^Core^C was very weak compared with that of other complexes and was restricted to H3K4me1 (Figure [1D](#F1){ref-type="fig"}, lanes 9 and 10, [Supplementary Figure S1E](#sup1){ref-type="supplementary-material"}). H2Bub-mediated stimulation of MLL3^Core^C activity was not clearly observed, but this could be because the intrinsic H3K4me1 activity of MLL3^Core^C is too weak to allow possible H2Bub stimulatory effects to be monitored by immunoblot analysis. This interpretation is in line with the results of a previous study using an alternative luminescent method that showed that H2Bub stimulated the H3K4me1 activity of a partial MLL3 complex ([@B29]). Lastly, MLL4^Core^C exhibited mainly H3K4me1/2 activities that were stimulated by H2Bub; however, the stimulatory effect of H2Bub was modest, requiring longer exposure of immunoblots (Figure [1D](#F1){ref-type="fig"}, lanes 11 and 12) or reactions with a higher concentration of the complex ([Supplementary Figure S1F](#sup1){ref-type="supplementary-material"}) to be detectable. Collectively, our biochemical analyses demonstrate that all KMT2^Core^ complexes have distinctive H3K4 methyltransferase properties, with different strengths of activity and methylation species produced, but they were stimulated to varying degrees by the presence of H2Bub on the chromatin. Thus, these observations suggest that a common component(s) in KMT2 family complexes might be responsible for their sensitivity to H2Bub-stimulated H3K4 methylation (see Discussion).

Human SET1A^Core^ and SET1B^Core^ complexes exhibit distinctive subunit requirements for H3K4 methylation activities {#SEC3-2}
--------------------------------------------------------------------------------------------------------------------

Given our ability to reconstitute catalytically active KMT2^Core^ complexes, we next sought to establish the requirements of individual subunits within each KMT2^Core^C for H3K4 methylation activity. To this end, we first reconstituted and affinity-purified SET1A^Core^ and SET1B^Core^ complexes lacking individual subunits. Yields of purified complexes obtained in the absence of WDR5, RbBP5 or ASH2L were significantly lower, suggesting contributions of these subunits to the efficient formation and stability of SET1A^Core^C (Figure [2A](#F2){ref-type="fig"}, lanes 3--5) and SET1B^Core^C ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). This conclusion is further supported by the much lower expression of scaffold SET1A^Core^ and SET1B^Core^ proteins as well as some subunits in Sf9 cells infected with baculoviruses lacking WDR5, RbBP5 or ASH2L (Figure [2B](#F2){ref-type="fig"}, lanes 3--5, [Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}).

![Subunit requirements for H3K4 methylation activities of human SET1A^Core^ and SET1B^Core^ complexes. (**A**) SDS-PAGE/Coomassie blue staining of purified SET1A^Core^ complexes reconstituted with baculoviruses in the absence of the indicated subunits. Sample loadings were normalized to FLAG-KMT2^Core^ proteins in this and other figures. Note that because of inefficient complex formation (∼10--20-fold lower concentration compared with the intact complex), 5- and 2.5-fold lower amounts (maximum loading volumes) of RbBP5 and ASH2L-deficient complexes, respectively, relative to others were used for SDS-PAGE. (**B**) Immunoblot analyses of whole-cell extracts of Sf9 cells infected with baculoviruses in the absence of the indicated subunits and SET1A^Core^ complexes purified from each cell extract. Note that equal volumes of cell extracts were loaded (lanes 1--6), and the loading of purified complexes was normalized to FLAG-SET1A^Core^ protein (lanes 7--12). The slightly fast migrating band in anti-WDR5 immunoblot (lane 9) is considered an insect WDR5 homolog in this and other figures. The upper bands observed in anti-ASH2L immunoblot are considered a post-translationally modified form(s) of ASH2L in this and other figures. (**C** and **D**) H3 (C) and H2Bub chromatin (D) substrates were subjected to *in vitro* HMT assays with the indicated subunit-lacking SET1A^Core^ (left) or SET1B^Core^ (right) complexes. Note that because of large differences in intrinsic H3K4 methyltransferase activities (Figure [1](#F1){ref-type="fig"}), different concentrations of SET1A^Core^ (15 nM) and SET1B^Core^ complexes (1.5 nM) were used for assays.](gkaa317fig2){#F2}

Immunoblots of purified complexes, analyzed densitometrically and normalized to FLAG-SET1A^Core^ protein level, led us to draw a number of conclusions regarding SET1A^Core^C integrity that are also generalizable to all other KMT2^Core^ complexes (Figures [3B](#F3){ref-type="fig"} and [4B](#F4){ref-type="fig"}, [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). First, omission of RbBP5 resulted in the concomitant disappearance of ASH2L (and DPY30, see below) (Figure [2B](#F2){ref-type="fig"}, lane 10), indicating RbBP5-dependent association of ASH2L with KMT2 complexes and a pivotal role of RbBP5 for stable complex formation (see below). This is consistent with a previous similar reconstitution analysis of the core MLL1 complex ([@B30]) and is further supported by recent structural studies that revealed interaction networks of RbBP5, ASH2L and the SET domain of MLL1 or MLL3 ([@B29],[@B31],[@B32]). Second, exclusion of ASH2L caused the simultaneous disappearance of DPY30, whereas ASH2L was retained in the complex in the absence of DPY30 (Figure [2B](#F2){ref-type="fig"}, lanes 11 and 12). These results differ from the case of the yeast Set1 complex, in which Bre2 and Swd1 are jointly required for their concurrent residence within the complex ([@B18],[@B33]), and thus suggest differential subunit interaction networks between yeast and human H3K4 methyltransferase complexes.

![Subunit requirements for H3K4 methylation activities of human MLL1^Core^ and MLL2^Core^ complexes. (**A**) SDS-PAGE/Coomassie blue staining of purified MLL1^Core^ complexes lacking the indicated subunits. (**B**) Whole-cell extracts and purified MLL1^Core^ complexes prepared from Sf9 cells infected with baculoviruses in the absence of the indicated subunits were subjected to immunoblot analyses as in Figure [2B](#F2){ref-type="fig"}. (**C** and **D**) H3 (C) and H2Bub chromatin (D) substrates were subjected to *in vitro* HMT assays with subunit-lacking MLL1^Core^ (left) or MLL2^Core^ (right) complexes (15 nM).](gkaa317fig3){#F3}

![Subunit requirements for H3K4 methylation activities of human MLL3^Core^ and MLL4^Core^ complexes. (**A**) SDS-PAGE/Coomassie blue staining of purified MLL3^Core^ complexes lacking the indicated subunits. (**B**) Whole-cell extracts and purified MLL3^Core^ complexes prepared from Sf9 cells infected with baculoviruses in the absence of the indicated subunits were subjected to immunoblot analyses as in Figure [2B](#F2){ref-type="fig"}. (**C** and **D**) H3 (C) and H2Bub chromatin (D) substrates were subjected to *in vitro* HMT assays with the indicated concentrations of subunit-lacking MLL3^Core^ (left) and MLL4^Core^ (right) complexes. Note that because of weak H3K4 methylation activity (Figure [1](#F1){ref-type="fig"}), a much higher concentration of MLL3^Core^ complex (40 nM) than MLL4^Core^ complex (15 nM) was used for chromatin HMT assays.](gkaa317fig4){#F4}

*In vitro* HMT assays performed on individual subunit-lacking complexes using free H3 as the substrate revealed several features in common for both SET1A^Core^ and SET1B^Core^ complexes. First, CFP1- or DPY30-deficient complexes exhibited H3K4 methylation activities comparable to that of the intact complex (Figure [2C](#F2){ref-type="fig"}, lanes 2 and 6 versus lane 1, lanes 8 and 12 versus 7). Second, omission of RbBP5 and ASH2L resulted in significantly decreased H3K4me1 activity and no H3Kme2/3 activities (Figure [2C](#F2){ref-type="fig"}, lanes 4, 5, 10 and 11), indicating the critical roles of these subunits for the intrinsic H3K4 methyltransferase activities of SET1A/B^Core^Cs; the importance of these subunits for H3K4 methylation activities also extended to all other KMT2^Core^Cs (Figures [3C](#F3){ref-type="fig"} and [4C](#F4){ref-type="fig"}). Interestingly, and in contrast to the shared contributions of CFP1, DPY30, RbBP5 and ASH2L subunits to the activities of SET1A^Core^C and SET1B^Core^C, described above, a WDR5 deficiency had different effects on SET1A^Core^C and SET1B^Core^C. Specifically, WDR5-lacking SET1A^Core^C generated markedly decreased levels of H3K4me1 and failed to generate H3K4me2/3 (Figure [2C](#F2){ref-type="fig"}, lane 3), whereas WDR5-deficient SET1B^Core^C exhibited only slightly decreased H3K4 methylation activity relative to the intact complex (Figure [2C](#F2){ref-type="fig"}, lane 9 versus lane 7). These findings suggest differential contributions of WDR5 to the catalytic activities of SET1A and SET1B complexes.

We next tested the contributions of each subunit to H3K4 methylation activities towards an H2Bub-containing chromatin template. Consistent with previous biochemical analyses of the purified human SET1A complex ([@B19],[@B34]), both intact SET1A^Core^C and SET1B^Core^C were able to generate all H3K4 methylation states (Figure [2D](#F2){ref-type="fig"}, lanes 1 and 7). Although several complexes were shown to have intrinsic H3K4 methyltransferase activity towards H3, all SET1A^Core^Cs lacking any individual subunit completely lacked H3K4 methylation activity (Figure [2D](#F2){ref-type="fig"}, lanes 2--6). Unlike the case for SET1A^Core^C, all SET1B^Core^Cs lacking any of WRAD subunits generated moderately and markedly weakened levels of H3K4me1 and H3K4me2/3, respectively (Figure [2D](#F2){ref-type="fig"}, lanes 9--12). However, not all subunit effects differed between SET1A^Core^C and SET1B^Core^C. As was the case for SET1A^Core^C, CFP1-depleted SET1B^Core^C showed a complete loss of H3K4 methylation activity (Figure [2D](#F2){ref-type="fig"}, lane 8), indicating the chromatin substrate-specific critical role of the CFP1 subunit, as has also been demonstrated for Spp1 (a yeast CFP1 homolog) in the yeast Set1 complex ([@B18]). In relation to this, we found that omission of WDR5 during complex reconstitution significantly decreased the level of CFP1 in SET1A^Core^C (Figure [2B](#F2){ref-type="fig"}, lane 9), but not in SET1B^Core^C ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}) Therefore, based on the essential role of CFP1 for the nucleosomal H3K4 methylation activities of SET1A^Core^C and SET1B^Core^C, the loss of H3K4 methylation activity observed in WDR5-deficient SET1A^Core^C could be explained, at least in part, by the disappearance of CFP1 in the complex. Thus, our *in vitro* system revealed differential subunit requirements for chromatin H3K4 methylation activities between SET1A and SET1B complexes.

Notably, we observed that, albeit little, an insect WDR5 homolog is present in purified SET1A/B^Core^Cs reconstituted in the absence of human WDR5 (Figure [2B](#F2){ref-type="fig"}, lane 9, [Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). These SET1A/B^Core^Cs showed significantly diminished H3K4 methylation activities relative to the intact complexes, indicating that the insect homolog does not fully replace the function of human WDR5 in the complexes. In relation to this and in support of our observations that WDR5 is required for the catalytic activities of SET1A/B complexes, a recent biochemical analysis that employed a partial MLL1 complex reconstituted with bacterially expressed subunits also demonstrated that omission of WDR5 largely decreased the H3K4 methylation activity of the complex ([@B29]).

All WRAD subunits are required for nucleosomal H3K4 methylation activities of human MLL1^Core^ and MLL2^Core^ complexes {#SEC3-3}
-----------------------------------------------------------------------------------------------------------------------

We next tested subunit requirements for the H3K4 methylation activities of purified MLL1^Core^C (Figure [3A](#F3){ref-type="fig"}) and MLL2^Core^C ([Supplementary Figure S3C](#sup1){ref-type="supplementary-material"}), of which subunit compositions were examined by immunoblot analyses (Figure [3B](#F3){ref-type="fig"}, [Supplementary Figure S3D](#sup1){ref-type="supplementary-material"}). In *in vitro* HMT assays with free H3, intact MLL1^Core^C and MLL2^Core^C containing all WRAD subunits were able to generate all H3K4 methylation states. As was the case for SET1B^Core^C, RbBP5 and ASH2L were found to be essential for H3K4 methylation activity, whereas WDR5 and DPY30 were dispensable (Figure [3C](#F3){ref-type="fig"}). Consistent with previous biochemical analyses of purified human MLL1 and MLL2 complexes ([@B35],[@B36]), both intact MLL1^Core^C and MLL2^Core^C were able to generate all three H3K4 methylation states (Figure [3D](#F3){ref-type="fig"}, lanes 1 and 6) with similar activities (Figure [1D](#F1){ref-type="fig"}) towards H2Bub-containing chromatin templates. We further found that, with the exception of very weak residual H3K4me1 activity in the specific absence of WDR5, exclusion of WRAD subunits led to a complete loss of H3K4 methylation activities (Figure [3D](#F3){ref-type="fig"}, lanes 2--5 and 7--10), demonstrating the essential roles of all WRAD subunits for nucleosomal H3K4 methylation by MLL1 and MLL2 complexes.

To confirm stable complex formations, all MLL2^Core^Cs reconstituted without a single subunit were further analyzed by size exclusion chromatography ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). We found that MLL2^Core^Cs reconstituted in the absence of WDR5, ASH2L or DPY30 were shown to form stable complexes. In contrast, RbBP5-deficient complex retained only MLL2^Core^ fragment and WDR5, and was diluted out during gel filtration, indicating a critical role of RbBP5 for stable complex formation. This is consistent with recent structural studies that revealed extensive contacts of RbBP5 with other subunits, which are important for stable complex formation ([@B29],[@B31],[@B32]). Therefore, lack of the H3K4 methylation activity of RbBP5-deficient complexes is considered to be attributed by the absence of multiple catalytic subunits.

Differential subunit requirements of human MLL3^Core^ and MLL4^Core^ complexes for nucleosomal H3K4 methylation activity {#SEC3-4}
------------------------------------------------------------------------------------------------------------------------

We then examined subunit requirements of purified MLL3^Core^C (Figure [4A](#F4){ref-type="fig"}) and MLL4^Core^C ([Supplementary Figure S3E](#sup1){ref-type="supplementary-material"}) for H3K4 methylation activity. Unlike the complexes described above, we found that protein expression level of scaffold MLL3^Core^C was not decreased in the absence of WDR5 (Figure [4B](#F4){ref-type="fig"}, lane 2 versus lane 1), which allowed us to obtain a purified WDR5-deficient complex at a concentration comparable to that of the intact complex. This also suggests a distinct contribution of WDR5 to the assembly of the MLL3 complex, possibly leading to different effects of WDR5 on H3K4 methylation activity compared with that in other complexes (see below). *In vitro* HMT assays revealed that the intrinsic methyltransferase activity of MLL3^Core^C on free H3 was restricted to H3K4me1/2, and required RbBP5 and ASH2L, but not WDR5 and DPY30 (Figure [4C](#F4){ref-type="fig"}, lanes 1--5). Interestingly, we found that WDR5-deficient MLL3^Core^C exhibited slightly increased H3K4me1/2 activities relative to the intact complex (Figure [4C](#F4){ref-type="fig"}, lane 2 versus lane 1). This is consistent with a previous similar HMT assay that employed a partial MLL3 complex (equivalent to our MLL3^Win^C, see below) and H3 peptides as the substrates ([@B37]). In accordance with the role of MLL3 as a major H3K4 mono-methyltransferase around enhancer regions ([@B38]), chromatin methylation activity of MLL3^Core^C was restricted to H3K4me1 (Figure [4D](#F4){ref-type="fig"}, lane 1). This activity was almost completely lost in the absence of RbBP5, ASH2L and DPY30 but, importantly was not diminished by omission of WDR5 (Figure [4D](#F4){ref-type="fig"}, lanes 2--5). In a related observation, a recent study showed that omission of WDR5 from a partial MLL3 complex (equivalent to our MLL3^Win^C) reconstituted with bacterially expressed proteins rather increased H3K4me1 activity of the complex ([@B29]). These findings reflect the clearly different pattern of MLL3^Core^C activity compared with that of MLL1/2^Core^Cs (Figure [3D](#F3){ref-type="fig"}) and further suggest differences in structural organization between MLL3 and other KMT2 complexes ([@B29]).

H3K4 methylation activity of purified MLL4^Core^C towards free H3 was dependent on RbBP5 and ASH2L (Figure [4C](#F4){ref-type="fig"}, lanes 6--10). As was the case for MLL1/2^Core^Cs, MLL4^Core^C also required all WRAD subunits for chromatin methylation activities but retained weak H3K4me1 activity in the absence of WDR5 (Figure [4D](#F4){ref-type="fig"}, lanes 6--10). In addition, similar to the cases for SET1A/B^Core^Cs and MLL2^Core^C, MLL3/4^Core^Cs further purified by gel filtration exhibited indistinguishable H3K4 methylation activities to those of the affinity-purified complexes ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}).

The n-SET domain is essential for nucleosomal H3K4 methylation activities of SET1A^Core^ and SET1B^Core^ complexes {#SEC3-5}
------------------------------------------------------------------------------------------------------------------

So far, we have examined H3K4 methylation activities of KMT2^Core^ complexes that contain partial KMT2 fragments harboring entire n-SET or pre-SET domains at their N-terminus (Figure [1A](#F1){ref-type="fig"}). However, all previous biochemical and structural analyses have employed complexes containing partial KMT2 fragments encompassing a region beginning near the WDR5-interaction (Win) motif residing within their n-SET or pre-SET domains because these complexes are minimally sufficient to exert H3K4 methylation activity ([@B29],[@B32],[@B37],[@B39]). In a related observation, the SET domain of the yeast Set1 complex alone was shown to be sufficient to form a stable complex with all WRAD homologs ([@B18],[@B21],[@B39]); however, we failed to purify stable complex using the SET domain from any human KMT2 protein and WRAD subunits (data not shown). Collectively, these results indicate that, in addition to the SET domain, the Win motif located in the N-terminus is also required for stable complex formation, as previously reported ([@B40],[@B41]).

To test H3K4 methylation activities of complexes containing KMT2 protein fragments that are minimally sufficient to form complexes with WRAD subunits, we reconstituted partial human KMT2 Win complexes (hereafter, KMT2^Win^Cs) and affinity purified them from Sf9 insect cells infected with baculoviruses expressing FLAG-KMT2^Win^ protein fragments (encompassing the Win motif, SET and post-SET domains) ([@B37]) and untagged WRAD and CFP1 (Figure [5A](#F5){ref-type="fig"}). From the standpoint of complex integrity, we found that all WRAD subunits were stably integrated into all purified complexes, but CFP1 was absent (Figure [5B](#F5){ref-type="fig"}). The absence of SET1A/B complex-specific CFP1 (Figure [1B](#F1){ref-type="fig"}) in SET1A/B^Win^Cs suggests that the missing N-terminal region of the n-SET domain is required for retention of CFP1 in SET1A and SET1B complexes. All KMT2^Win^Cs exhibited H3K4 methylation activities towards free H3, exhibiting relative catalytic strengths and product methylation states similar to those of KMT2^Core^Cs (compare Figure [5C](#F5){ref-type="fig"} and [1C](#F1){ref-type="fig"}). These findings confirm that KMT2^Win^ protein fragments are sufficient to confer intrinsic catalytic activities to the complexes. Strikingly different results were obtained in *in vitro* HMT assays using chromatin templates. All MLL1/2/3/4^Win^Cs exhibited H3K4 methylation activities (Figure [5D](#F5){ref-type="fig"}, lanes 5--12), with patterns of H2Bub-stimulatory methylation states generally similar to those of MLL1/2/3/4^Core^Cs. Importantly, however, both SET1A^Win^C and SET1B^Win^C showed a complete loss of H3K4me2/3 activities, even in the presence of H2Bub (Figure [5D](#F5){ref-type="fig"}, lanes 1--4), despite the fact that SET1B^Core^C showed the strongest activity among all KMT2^Core^Cs. A direct comparison of H3K4 methylation activities further confirmed that SET1A/B^Win^Cs, in contrast to SET1A/B^Core^Cs, do not possess H2Bub-dependent nucleosomal H3K4 methylation activity (Figure [5E](#F5){ref-type="fig"}). These results indicate that n-SET domains, likely in conjunction with associating CFP1 subunits (see below), play a critical role in regulating the catalytic activities of SET1A and SET1B complexes.

![H3K4 methylation activities of human KMT2^Win^ complexes. (**A**) A schematic diagram of KMT2^Win^ fragments used for the reconstitution of complexes and subunit associations deduced from (B). The SET and post-SET (hatched box) domain and Win (red box) motif within each KMT2 protein are depicted. Numbers indicate amino acid residues of each protein. Note that all proteins contain truncated n-SET or pre-SET domains. (**B**) SDS-PAGE/Coomassie blue staining (left) and immunoblot analyses (right) of purified KMT2^Win^ complexes reconstituted with baculoviruses expressing FLAG-tagged KMT2^Win^ protein (A), WDR5, RbBP5, ASH2L, DPY30 and CFP1. KMT2^Win^ proteins are marked by asterisks. (**C**) Differential H3K4 methylation activities of KMT2^Win^ complexes towards H3 substrate. H3 was subjected to *in vitro* HMT assays with the indicated KMT2^Win^ complexes (7.5 nM). (**D**) Differential H3K4 methylation activities of KMT2^Win^ complexes towards chromatin substrates. Unmodified or H2Bub chromatin substrates were subjected to *in vitro* HMT assays with the indicated KMT2^Win^ complexes (5 nM). (**E**) Comparison of H3K4 methylation activities of SET1A/B^Win^ and SET1A/B^Core^ complexes. Unmodified and H2Bub chromatin substrates were subjected to *in vitro* HMT assays with SET1A^Win^ and SET1A^Core^ complexes (left) and SET1B^Win^ and SET1B^Core^ complexes (right), present at a final concentration of 10 nM.](gkaa317fig5){#F5}

The PHD2 domain within CFP1 is essential for H2B ubiquitylation-dependent H3K4me2 and H3K4me3 activities of SET1A^Core^ and SET1B^Core^ complexes {#SEC3-6}
-------------------------------------------------------------------------------------------------------------------------------------------------

The disappearance of CFP1 in SET1A/B^Win^Cs caused by n-SET domain truncation raises the possibility that the observed loss of H3K4 methylation activities of these complexes is attributable to the lack of CFP1. In this same vein, we showed above that CFP1-deficient SET1A/B^Core^Cs are completely inactive with respect to nucleosomal H3K4 methylation (Figure [2D](#F2){ref-type="fig"}), establishing a critical role of CFP1 in catalytic activity that is specific to SET1A/B complexes.

CFP1 contains two evolutionarily conserved PHDs (plant homeodomains), a SID (Set1-interacting domain), and a CXXC domain with demonstrated individual functions in binding to methylated histones ([@B42]), SET1A/B proteins ([@B43]), and unmethylated CpG islands around promoter regions ([@B44],[@B45]), respectively. To determine the domain within CFP1 that is involved in the H3K4 methylation activity of the SET1A complex, we reconstituted SET1A^Core^ protein-based complexes and affinity purified them from Sf9 cells infected with baculoviruses expressing FLAG-SET1A^Core^ protein, untagged WRAD, and His-tagged wild-type (WT) or mutant CFP1 (Figure [6A](#F6){ref-type="fig"}). (Note that the complex containing ΔSID-CFP1 was not included because this protein was not expressed in soluble form in Sf9 cells). All subunits were found to be stably integrated into the complex (Figure [6B](#F6){ref-type="fig"}). In tests designed to determine the contribution of each domain within CFP1 to intrinsic H3K4 methyltransferase activity towards free H3, all complexes exhibited comparable levels of all H3K4 methylation states (Figure [6C](#F6){ref-type="fig"}). In *in vitro* HMT assays using chromatin templates, complexes containing ΔPHD1-CFP1 or ΔCXXC-CFP1 generated all three H3K4 methylation states at levels comparable to those observed with the complete SET1A^Core^C in the presence of H2Bub (Figure [6D](#F6){ref-type="fig"}, lanes 8 and 9 versus lane 6). Importantly, we further found that the complex reconstituted with ΔPHD2-CFP1 was capable of producing H3K4me1, but completely failed to generate H3K4me2/3 (Figure [6D](#F6){ref-type="fig"}, lane 10). Notably, because the ΔPHD2 complex showed intrinsic H3K4me1 activity (Figure [6D](#F6){ref-type="fig"}, lane 5), these results strongly suggest that the PHD2 domain plays a critical role in H2Bub-dependent H3K4me2/3 activities. In addition, the same series of experiments performed with SET1B^Core^C ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}) collectively indicate a critical role for CFP1 PHD2 in the H2Bub-dependent H3K4 methylation activities of SET1A and SET1B complexes. Given that WRAD subunits alone are insufficient and that CFP1 is additionally required for SET1A/B^Core^Cs to exhibit efficient H3K4 methylation activities, these results suggest that CFP1 works together with WRAD to establish H3K4 methylation-competent SET1A/B complexes, as proposed for the yeast Set1 complex ([@B20],[@B21]). In addition, the SET1A/B^Core^C-specific requirement of CFP1 for catalytic activity strongly suggests that the H3K4 methylation mechanism is somewhat different for SET1A/B and MLL1/2/3/4 complexes (see Discussion).

![Requirement of CFP1 domains for H3K4 methylation activities of the human SET1A^Core^ complex. (**A**) A schematic diagram of SET1A^Core^ protein-based complexes containing wild-type (WT) or mutant CFP1. PHD1, CXXC, SID, and PHD2 domains are depicted. Physical interactions between subunits were deduced from previous structural studies of human MLL1 and MLL3 complexes ([@B29],[@B31],[@B32]). Abbreviations: W, WDR5; R, RbBP5; A, ASH2L; D, DPY30. (**B**) SDS-PAGE/Coomassie blue staining (left) and immunoblot analyses (right) of purified SET1A^Core^ protein-based complexes reconstituted with baculoviruses expressing FLAG-tagged SET1A^Core^ protein, WDR5, RbBP5, ASH2L, DPY30 and His-tagged WT or mutant CFP1. His-CFP1 polypeptides are marked by asterisks. (**C** and **D**) Requirement of the PHD2 domain of CFP1 for H2Bub-dependent H3K4 methylation activities of the SET1A^Core^ complex. H3 (C) and unmodified or H2Bub chromatin substrates (D) were subjected to *in vitro* HMT assays with the indicated SET1A^Core^ protein-based complexes (15 nM).](gkaa317fig6){#F6}

Comparisons of H3K4 methylation activities of full-length KMT2-containing complexes {#SEC3-7}
-----------------------------------------------------------------------------------

To directly compare intrinsic H3K4 methyltransferase activities, we have deployed biochemical analyses using partial KMT2 complexes containing KMT2 protein fragments and the subunits that are minimally required for catalytic activity. However, it is still important to analyze biochemical properties of complete KMT2 complexes to understand their precise *in vivo* functions. Although several previous studies have reported H3K4 methylation activities of individual KMT2 complexes ([@B34],[@B46]), there have been no comprehensive biochemical characterizations and comparisons of intact KMT2 complexes prepared using identical conditions. On a related note, we tried to prepare recombinant complexes containing full-length KMT2 protein and all subunits of the complex using a baculovirus expression system, but these approaches have so far proved unsuccessful (data not shown). Instead, we found that we could successfully reconstitute SET1A, SET1B and MLL2 complexes and affinity purify them from HEK293E cells transfected with combinations of plasmids expressing FLAG-tagged KMT2 proteins and subunits that constitute each complex ([@B7]) (Figure [7A](#F7){ref-type="fig"} and [B](#F7){ref-type="fig"}). (Note that the same approach was not successful for the MLL1 complex, and we did not attempt to purify MLL3/4 complexes owing to difficulties in preparing plasmids expressing full-length MLL3 or MLL4.)

![H3K4 methylation activities of human SET1A, SET1B, and MLL2 complexes. (**A** and **B**) SDS-PAGE/Coomassie blue staining (A) and immunoblot analyses (B) of SET1A, SET1B, and MLL2 complexes purified from HEK293E cells transfected with combinations of plasmids expressing subunits that constitute each complex. MLL2N and MLL2C, N-terminal and C-terminal parts of MLL2, respectively, resulting from Taspase 1 cleavage ([@B54]). (**C** and **D**) Differential H3K4 methylation activities of SET1A, SET1B, and MLL2 complexes. H3 (C) and unmodified or H2Bub chromatin substrates (D) were subjected to *in vitro* HMT assays with the indicated complexes (5 nM).](gkaa317fig7){#F7}

In tests of intrinsic enzymatic activities, all purified complete complexes generated H3K4 methylation to different degrees. Similar to the case for KMT2^Core^Cs (Figure [1C](#F1){ref-type="fig"}), SET1B and MLL2 complexes exhibited much stronger H3K4 methylation activities towards free H3 than did the SET1A complex (Figure [7C](#F7){ref-type="fig"}). Likewise, we also found that all complete complexes were able to generate all H3K4 methylation states and, importantly, generated these states at increased levels in the presence of nucleosomal H2Bub (Figure [7D](#F7){ref-type="fig"}). The rank order of the strengths of enzyme activities were SET1B \> MLL2 \> SET1A complexes, which is the same order as that obtained with KMT2^Core^Cs (Figure [1D](#F1){ref-type="fig"}). These results validate our comparative biochemical analyses using KMT2^Core^ complexes for recapitulating H3K4 methylation activities of complete KMT2 complexes.

DISCUSSION {#SEC4}
==========

The presence of multiple KMT2 family complexes and many other cellular factors that directly and indirectly affect H3K4 methylation makes it difficult to address how each KMT2 complex contributes individually to the levels and states of H3K4 methylation in cells. To directly assess the catalytic properties of all six human KMT2 complexes, we used biochemically defined *in vitro* HMT assays employing purified KMT2 complexes and recombinant chromatin substrates. Our studies provide a number of valuable insights regarding the nucleosomal H3K4 methylation activities of human KMT2 complexes: (i) H2Bub stimulates H3K4 methylation activities of KMT2 complexes; (ii) H2Bub is strictly required for H3K4me2/3 activities of the SET1A complex, but is dispensable for SET1B complex activities; (iii) the SET1B complex exhibits the strongest H3K4 methylation activity among KMT2 complexes; (iv) the CFP1 PHD2 domain plays a critical role in the catalytic activities of SET1A and SET1B complexes; (v) MLL1 and MLL2 complexes can generate comparable levels of all H3K4 methylation states; (vi) the H3K4 methylation activity of MLL3 is restricted to H3K4me1, whereas MLL4 can produce both H3K4me1 and H3K4me2; (vii) in contrast to the case for other complexes, WDR5 is dispensable for the H3K4me1 activity of the MLL3 complex. Taken together, these results provide fundamental insights into nucleosomal H3K4 methylation activities of human KMT2 complexes.

Previous biochemical analyses using purified KMT2 complexes prepared by bacterial ([@B37]) or baculovirus ([@B39]) expression systems also reported their differential H3K4 methylation activities towards H3 peptide ([@B37]) or non-ubiquitylated recombinant nucleosome ([@B39]). It is important to note that these analyses employed complexes containing partial KMT2 fragments encompassing a region beginning near the Win motif, which are equivalent to KMT2^Win^Cs in our study (Figure [5](#F5){ref-type="fig"}). In contrast, we used KMT2^Core^ fragments that contain entire n-SET or pre-SET domains at their N-terminus for complex reconstitutions (i.e. KMT2^Core^Cs), which allowed incorporation of CFP1 specifically into SET1A and SET1B complexes (Figure [1](#F1){ref-type="fig"}). This allowed us to uniquely demonstrate a critical role of the CFP1 subunit in the H3K4 methylation activities of SET1A and SET1B complexes towards physiologically relevant H2Bub-containing chromatin substrates (Figures [2](#F2){ref-type="fig"} and [6](#F6){ref-type="fig"}), which was not addressed by previous studies.

H3K4 methylation activities of human KMT2 complexes towards chromatin templates {#SEC4-1}
-------------------------------------------------------------------------------

Our ability to reconstitute KMT2 complexes lacking specific subunits allowed us to directly assess the contribution of individual subunits to H3K4 methylation activities towards free H3 and chromatin templates. For all KMT2 complexes, we found that all WRAD subunits are required for full H3K4 methylation activities towards chromatin (except WDR5 for MLL3 complex), but only RbBP5 and ASH2L are essential for methylation of free H3. These different subunit requirements reflect the fact that extensive subunit interactions with DNA, as well as new binding surface created by the nucleosome structure, are critical for nucleosomal H3K4 methylation ([@B20],[@B22],[@B29],[@B31],[@B32]). They also highlight the merits of our biochemical analyses using physiologically relevant chromatin substrates rather than free histone substrates for proper characterization of chromatin-modifying enzymes.

The large differences in enzymatic activities observed for SET1A^Core^C and SET1B^Core^C (Figure [1E](#F1){ref-type="fig"}) indicate that KMT2 protein itself determines the catalytic power of the complex. SET1B^Core^C exhibited reduced, but still significant, H3K4 methylation activities in the absence of H2Bub, even at much lower concentrations than SET1A^Core^C. This suggests that the Set1 protein underwent divergent evolution to produce one weak descendant (SET1A) and one strong descendant (SET1B). Structural studies detailing how SET1A and SET1B proteins differentially contribute to catalytic power are warranted.

In support of our finding that SET1A complex has a weak catalytic activity, it was reported that the removal of the SET1A SET domain in mouse V6.5 embryonic stem cells did not diminish global H3K4 methylation level; instead, only a subset of genes shows decreased H3K4me3 levels ([@B47]). Consistent with this, shRNA-mediated depletion of SET1A was shown to have no effect on global H3K4 methylation levels in cancer cell lines ([@B48],[@B49]). In addition, in a test for the relative contribution of SET1A and SET1B to cellular H3K4 methylation, we further found that ectopic expression of SET1B resulted in more significant increases in global H3K4me2/3 levels than that of SET1A ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). In contrast to above results, another study has reported that inducible knockout of SET1A led to a significant reduction in global H3K4 methylation levels in mouse R1 embryonic stem cells and embryos, whereas that of SET1B had no effect ([@B50]), suggesting a principal role of SET1A in the maintenance of global H3K4 methylation levels in their study. However, in relation to the latter observation, it is worth to note that the HeLa cell nucleus contains about 130-fold more SET1A than SET1B as demonstrated by quantitative mass spectrometric analysis ([@B51]). Therefore, SET1A could have a more significant effect on H3K4 methylation levels in some cells that contain SET1A as a dominant population although its intrinsic catalytic activity is much weaker than SET1B. Collectively, these suggest that, in addition to intrinsic enzyme activities, several features of KMT2 proteins, including their relative amounts in cells and subcellular localization that could vary according to cell types and developmental stages ([@B51],[@B52]) determine cellular H3K4 methylation levels.

A notable difference among KMT2^Core^ proteins is that SET1 and MLL homologs have n-SET and pre-SET domains, respectively. To test whether these domains affected the catalytic properties of other groups of homologs, we performed domain-swapping experiments ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). We found that fusion of the SET1B n-SET domain to the MLL3 or MLL4 SET and post-SET domains resulted in inclusion of CFP1 in purified complexes that exhibited significantly enhanced H3K4 methylation activities. Importantly, however, the methylation states remained unchanged. These observations suggest that the amino acid sequence within each SET domain itself determines the methylation product states of the complex. Support for this is provided by the previous demonstration that unique amino acid sequences in the SET domain of MLL3 specify its H3Kme1-restricted activity ([@B39],[@B53]).

H2B ubiquitylation stimulates H3K4 methylation activities of human KMT2 complexes {#SEC4-2}
---------------------------------------------------------------------------------

Because of similarities in domain architecture and subunit composition between SET1A/B complexes and the yeast Set1 complex ([@B7]), we initially expected that only SET1A and SET1B complexes would exhibit H2Bub-dependent H3K4 methylation activities. Surprisingly, however, we found that all KMT2 complexes (except MLL3, see above) exhibited H2Bub-stimulated H3K4 methylation activities, suggesting that a component(s) common to all complexes might be responsible for this trans-tail stimulatory effect. In support of this suggestion, a recent study demonstrated that the WD40 domain of RbBP5 directly binds to H2Bub, leading to more extensive and stabilized binding of MLL1 or MLL3 to nucleosomes and thus enhanced catalytic activities of the complexes ([@B29]). Because RbBP5 is present in all complexes, it might contribute to H2Bub-mediated enhanced H3K4 methylation activities through the same mechanism.

In addition, a very recent structural study on the yeast Set1 complex proposed another mechanism to explain how H2Bub activates H3K4 methylation ([@B20],[@B22]). According to this model, the arginine-rich RXXXRR motif that we previously demonstrated critical for the H2Bub-dependent H3K4 methylation activity of the Set1 complex ([@B18]) makes extensive contacts with H2Bub as well as the acidic patch of histones H2A and H2B; thus, increased nucleosome interaction potentiates H3K4 methylation activity. Because the RXXXRR motif is conserved only in human SET1A/B but not in MLL1/2/3/4, this mechanism could be specific to SET1A and SET1B complexes. In this context, the greater enhancement of H3K4 methylation activities by H2Bub observed in SET1A/B^Core^Cs compared with MLL1/2/4^Core^Cs ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}) could be explained by cooperative contributions of the RbBP5 subunit and the RXXXRR motif in SET1A/B. In relation to this, we also found that mutations in the RXXXRR motif resulted in complete loss of the H3K4 methylation activities of SET1A/B^Core^Cs ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}), suggesting an evolutionarily conserved role of the RXXXRR motif in the regulation of H3K4 methylation activities of SET1A and SET1B complexes.

In a related observation, we found that SET1A^Win^C exert no H3K4me2/3 activities, even in the presence of H2Bub (Figure [5D](#F5){ref-type="fig"}), despite the fact that these complexes contain both RbBP5 and the RXXXRR motif. Instead, we found that inclusion of the n-SET domain and CFP1 (i.e. SET1A^Core^C) converts the complexes into an H3K4me2/3-active form in the presence of H2Bub (Figure [5E](#F5){ref-type="fig"}). In contrast to other domain-defective complexes, the CFP1 PHD2 domain-deficient SET1A^Core^C showed no H3K4me2/3 activities in the presence of H2Bub, but did exhibit intrinsic H3K4me1 activity (Figure [6D](#F6){ref-type="fig"}). These results strongly suggest that CFP1 acts through its PHD2 to participate in H2Bub-induced H3K4me2/3 activities of SET1A complex. Additional structural analyses of CFP1-containing complexes will be needed to detail the contribution of CFP1 to this process.

In the current study, using a biochemically defined system reconstituted with recombinant human KMT2 complexes and recombinant chromatin substrates, we found that each KMT2 complex generates distinct H3K4 methylation states and different levels of methylation, suggesting mechanistic differences in H3K4 methylation processes among KMT2 complexes. This detailed catalytic characterization will be invaluable for guiding and interpreting high-resolution structural studies of KMT2 complexes that have recently begun to emerge, to identify roles of KMT2 complexes in transcriptional regulation, and for future epigenetic drug development efforts related to H3K4 methylation.
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